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Small Is Beautiful: Insulin-Like Growth Factors and Their

Role in Growth, Development, and Cancer
Robert G. Maki

A B S T R A C T

Insulin-like growth factors were discovered more than 50 years ago as mediators of growth
hormone that effect growth and differentiation of bone and skeletal muscle. Interest of the
role of insulin-like growth factors in cancer reached a peak in the 1990s, and then waned until
the availability in the past 5 years of monoclonal antibodies and small molecules that block the
insulin-like growth factor 1 receptor. In this article, we review the history of insulin-like growth
factors and their role in growth, development, organism survival, and in cancer, both epithelial
cancers and sarcomas. Recent developments regarding phase | to Il clinical trials of such
agents are discussed, as well as potential studies to consider in the future, given the lack of
efficacy of one such monoclonal antibody in combination with cytotoxic chemotherapy in a
first-line study in metastatic non—-small-cell lung adenocarcinoma. Greater success with these
agents clinically is expected when combining the agents with inhibitors of other cell signaling

pathways in which cross-resistance has been observed.

J Clin Oncol 28:4985-4995. © 2010 by American Society of Clinical Oncology

Insulin-like growth factors 1 and 2 (IGFs) are
proteins produced by the liver in response to
growth hormone produced by the pituitary. IGFs
are responsible for the growth and development
of somatic tissues, such as skeletal muscle and
bone. After extensive research over the past two
decades into the relationship of IGFs to cancer,
systemic therapeutics that block IGF signaling are
now available, with apparent clinical benefit in
patients with carcinomas or sarcomas. The close
relationship and interaction of IGF receptors to
the insulin receptor (IR) couples effects on tumor
metabolism with tumor cell survival.

In this perspective, I will review data regard-
ing IGF signaling, cancer risk, and life span. Key
findings regarding IGF receptor 1 (IGF1R) signal-
ing and cancer are outlined in Table 1. The tight
linkages to growth and metabolism of normal and
tumor cells provide new possible therapeutic av-
enues to pursue for the treatment and prevention
of both carcinomas and sarcomas, discussed be-
low. The same linkages highlight possible mecha-
nisms by which tumor cells could survive after
blockade of IGF signaling. Further examination of
these pathways in the context of specific cancer
subtypes will be able to be leveraged into new
therapeutic strategies, and over the long-term will

have implications for cancer prevention and over-
all life span.

The lack of structural variation of insulin and
IGFs throughout phylogeny' speaks to their im-
portance in their control in growth and metabo-
lism in multicellular organisms. In insects,
insulin-related peptides are neurotransmitters,
while in mollusks and other higher organisms
insulin-like peptides mediate somatic growth (ie,
connective tissue, muscle, bone).* Analysis of the
sequences of known insulin and related mole-
cules’ yields four major families of proteins: insu-
lin itself, IGFs, the bombyxins, and the relaxins.
Bombyxins have roles in hormonal signaling (eg,
ecdysone) that regulates different stages of insect
development, and are found both in brain and gut
(although IGF-like molecules play a role in these
processes t00)®7; relaxins are involved in extra-
cellular matrix remodeling and cell migration
throughout phylogeny, properties a tumor cell
could employ to its advantage.® A key lesson
learned from phylogenetic and physiology studies
is that metabolism and growth are tightly coupled
through a single signaling receptor in inverte-
brates, while vertebrates have uncoupled the pro-
cess of growth and metabolism by separating the
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Table 1. Key Motifs in IGF1R Signaling and Cancer

Evolution of /GFR genes versus insulin genes
Growth (IGF) and metabolism (insulin), which are coupled pathways
through one receptor in invertebrates, is separated into two separate
but related signaling pathways (IGF1R and IR, respectively)
The activity of IGF1 and IGF2 is approximately 1% that of insulin with
respect to glucose metabolism
IGF signaling cascade
Signaling through IGF1R uses several common mediators as EGFR, IR,
and other RTKs
Heterodimers of RTKs (eg, HER2-IGF1R) are functional and represent
one possible escape mechanism for IGF1R inhibition
IGF binding proteins can shuttle inside and outside the cell, and their
role in signaling remains poorly understood
IGF1R can be found in the nucleus, potentially adding layers of
complexity to gene regulation
IGF1R, organism growth, and cancer risk
Neither IGF1 nor IGF2 are needed for survival of vertebrates, but
organisms that lack IGF1, IGF2, or both, are comparatively small
Small is beautiful: genetically engineered organisms lacking IGF1 or IGF2
survive longer than control animals
IGF1 signaling knockout animals also appear to have a lower risk of
cancer than control littermates
Lower tonic signaling of IGF1 (or blockade of mTOR signaling) may be a
way to both ameliorate poor glycemic control and the metabolic
syndrome, and perhaps increase lifespan
IGF1R blockade in clinical trials
Single-agent IGF1R blockade is associated with (at best) a low response
rate of uncertain durability in cancer patients
Synergy with EGFR and other RTK inhibitors (and with cytotoxic agents)
may be the most effective way to use IGF1Rs
Dual mTOR and dual mTOR1-AKT have compelling mechanisms of
action that will be interesting to pursue in future clinical trials
The integration of the understanding of metabolism and growth of
cancer cells will impact clinical trials in cancer and those examining
agents to increase human lifespan

Abbreviations: IGF1R, insulin-like growth factor receptor 1; IR, insulin recep-
tor; IGF, insulin-like growth factor; EGFR, epidermal growth factor receptor;
RTK, receptor tyrosine kinases.

growth from metabolism into IGF and insulin signaling path-
ways, respectively.’

IGFs were found during the search for mediators of the activity of
growth hormone (GH). In the original experiments by Salmon and
Daughaday, **S-labeled amino acid incorporation into cartilage ex-
plants was used as a surrogate for growth.'® The serum of normal rats
induced **S-amino acid incorporation into cartilage, but not serum
from hypophysectomized rats, nor serum from hypophysectomized
rats to which GH was added to the culture medium. However, serum
from hypophysectomized rats treated with GH yielded serum that
allowed for **S-amino acid incorporation, indicating a second mes-
senger was necessary for GH signaling. Furthermore, serum depleted
of insulin using insulin-specific antisera still demonstrated anabolic
insulin-like effects on muscle and fat, indicating insulin itself was not
responsible.'" The proteins responsible for this activity were termed
somatomedins A and C, and are now called IGF-1 and IGF-2, and
are part of a feedback signaling loop between pituitary, liver, and
GH-releasing hormone release by the hypothalamus.”

4986 © 2010 by American Society of Clinical Oncology

IGFs are present in high concentrations in serum, up to 1 ug/mL, and
are mostly protein bound. Both IGF1 and IGF2 bind the IGF1R
(CD221), the active signaling molecule, while only IGF2 binds to IGF
2 receptor (IGF2R, CD222), which is also a mannose-6-phosphate or
scavenger receptor that does not appear to have the ability to signal
intracellularly (Fig 1).

IGFs recapitulate many of the activities of insulin, such as
increase in glucose metabolism in fat, increase in glucose transport,
inhibition of lipolysis, and increasing lipid, glycogen, and protein
synthesis, but with only 1% to 2% the potency of insulin. Similarly,
while hypoglycemia is characteristic of insulin-producing islet cell
tumors of the pancreas, it is only the rare patient with solitary fibrous
tumor (SFT)/hemangiopericytoma (HPC), gastrointestinal stromal tu-
mor (GIST), and other sarcomas who develop hypoglycemia, in whom
production of a high molecular weight version of IGF2 signals through
an IGF2R/IR heterodimer (Doege-Potter syndrome).'*™'>

IGFs also promote differentiation of myoblastic or osteoblastic
tissues into muscle and bone.'® The assessment of signaling through
IGFIR is made more complex by the formation of heterodimers
between IR and IGF1R,"” suggesting a potential mechanism of escape
from cell signaling blockade employing a small molecule IGF1R in-
hibitors; IR/IGFIR heterodimers appear to signal through IGF1R
rather than IR.'” Conversely, monoclonal antibodies against IGFIR
may neutralize both IGFIR homodimers and IGFIR/IR het-
erodimers. The striking possibility for direct effects of IGF1R on DNA
or DNA binding proteins is suggested by the finding of IGF1R in the
nucleus of carcinoma cells.'® A recent article by Sehat et al'** also notes
identification of IGF1R in the cell nucleus.

IGFIR signaling is further regulated by six IGF binding pro-
teins (IGFBPs). Some IGFBPs compete for activity of IGFs at the
receptor level and antagonize IGF function. Others (eg, IGFBP2,
IGFBP5) appear to amplify IGF signaling.'® Adding further to the
complexity of IGFBP activity is the finding of proteolytic cleavage
fragments of IGFBPs in serumy; it is unclear if the fragments have
biologic activity as well.**** It is clear that IGFBPs have functions
independent of IGF1R. For example, IGFBP4 can bind Wnt recep-
tors FRZ8 and LRP6 and inhibit Wnt3A binding.*® IGFBP6 both is
secreted and found in the nucleus.”* IGFBP3 and IGFBP5 are
ligands for the retinoid X receptor (RXR) alpha®>*® and interact
with the retinoic acid receptor (RAR). The interaction of IGFBP3
with RAR/RXR appears to be due to the carboxy-terminus of
IGFBP3, which has a nuclear localization signal and binding do-
mains for RXR-alpha, thus disrupting RXR-retinoic acid receptor
heterodimers.””*® Steroid hormone receptors also interact with
IGFIR, through steroid receptor coactivator 3 (gene NCOA3),
which is amplified in breast and other carcinomas,?®! in turn
increasing levels of IGFBP3.%*

Adding to the fascination of this group of molecules is the under-
standing that a molecule involved in adipocyte differentiation, PPAR-
gamma, forms heterodimers with RXR, implicating IGF signaling
with control of metabolism at yet another level.”*° Transforming
growth factor beta and retinoids appear to mediate carcinoma cell line
growth inhibition by induction of IGFBP3 expression, a change that
can be reversed with addition of IGF2.**>*” Finally, IGFBP3 levels
may predict for outcomes for patients with GIST and Ewing
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Fig 1. Insulin-like growth factor receptor 1 (IGF1R) signaling pathway and potential mechanisms of resistance to IGF1R blockade (red asterisks). Heterodimers
between IGF1R and related proteins are one mechanism of resistance to IGF1R inhibitors, and, conversely, signaling through IGF1R is one mechanism of resistance
through human epidermal growth factor receptor 2 (HER2) and other epidermal growth factor receptor (EGFR) family members. White circles represent kinases, black
circles phosphatases. Blue X indicates signaling points for which there are inhibitors in clinical trials or commercially available. Green hexagon with R represents
sirolimus (rapamycin). Red arrows represent autophosphorylation of receptor tyrosine kinases (RTKs). Red dots represent phosphate groups. A list of clinical trials
involving single-agent IGF1R inhibitors is included in Appendix Table A1 (online only). IGFBPs, insulin-like growth factor binding proteins; RXR, retinoid X receptor.

sarcoma.”®>? These briefest glimpses of IGFBP physiology underscore
the detail we will require to better understand this signaling pathway
within a specific cellular context.

While IGFs themselves are not necessary for survival, mouse mod-
els and other studies in animals have provided striking data regard-
ing the role of IGFs in the development of somatic tissues. IGF1 /'~
or IGF2™'™ mice are viable, but approximately 40% smaller than
littermates.*® Conversely, IGFIR signaling is necessary for viability
in mice; IGFIR™'~ mice die at birth and are approximately 55%
smaller than littermates. Interestingly, IGF1-IGF2 doubly deficient
mice remain viable, but 70% smaller than littermates.*® There have
not been enough long-term studies on such animals to determine
cancer risks in such animals compared with controls. Beyond
rodents, the size of different breeds of dogs appears to be related to
plasma IGF1 levels. Single nucleotide polymorphisms (SNPs) are

WWW.jco.org

found in the IGFI gene between large and small breeds of dogs
as well.*!

Dataimplicate IGF1 signaling in variations in human growth and
development. Rare IGF-1 deficient humans have been identified
(Laron syndrome, in which GH receptor is mutated or otherwise
inactive), who demonstrate short stature, delayed bone age, and low
IGF1 levels in the setting of increased levels of GH.** Variations in
IGF1 levels are also at least weakly related to stature among different
African tribes, perhaps not surprising given the role of pituitary GH
production and gigantism or other variations in stature. Occasional
infants are found with defects in IGFIR signaling, who demonstrate
poor antenatal and postnatal growth.*’

Conversely, acromegaly or gigantism can arise from a state of
prolonged excess pituitary GH production, depending on its onset
with respect to development. Beckwith-Wiedemann syndrome in-
volves an excess of plasma IGF2 levels, in which subjects demonstrate
exomphalos, macroglossia, gigantism, and hemihypertrophy.
Beckwith-Wiedemann syndrome genetically maps to chromosome
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11p15, near genes encoding IGF2 and insulin, and appears to arise
from epigenetic changes in gene methylation of IGF2 as opposed to a
mutation or SNP causing increased IGF2 production.** These find-
ings are reminiscent of data from insulin resistance syndromes in
which other tissues proliferate (eg, polycystic ovary syndrome
[PCOY]), characterized by insulin resistance and insulin excess. Insulin
excess in PCO is associated with an increased ratio of IGF1 to IGFBP1,
and alterations in IGF1 and IGFBPs are observed in the metabolic
syndrome.*>*” Metformin, by activating LKB1 downstream of IGFIR
and IR (Fig 1), causes a decreased ratio of IGF1 to IGFBP1, decreased
androgen production, and reversal of the irregular menses and other
symptoms associated with PCO.** However, in other syndromes as-
sociated with hypertrophy of tissues (eg, diffuse idiopathic skeletal
hyperostosis), insulin resistance appears to be mediated through a
different mechanism.*’

One of the surprising aspects of IGF signaling from a variety of
animal models concerns effects on life span.”® Heterozygous
IGFIR*'™ mice live longer than IGFIR*"" littermates.”" Further-
more, alterations in Klotho, a gene that modulates IGF1R signaling,
affect animal life span as well. Klotho '~ mice show accelerated
rates of aging, while reintroduction of Klotho reverses the effect.>
Other downstream cellular effectors of IGFIR signaling are also
associated with variations in life span. Downstream signaling mol-
ecules IRS-1 and IRS-2 have been examined regarding animal
survival, and only IRSI /= not IRS2™'~ mice, live longer than
littermates.> This finding is also borne out in human studies, in
which patients with SNPs in IGFIR or PI3KCB had lower free IGF1
levels and lived longer than people without these SNPs.>* These
data are relevant given that sirtuin levels are also modulated in part
by IGFIR.”® Sirtuins modulate life span in different organisms
from yeast to flies to C elegans, experiments in which caloric
restriction led to increased survival.>

The link between IGF1R signaling, sirtuin expression, and sur-
vival is provocative. A link between the metabolic syndrome, IR, and
IGFIR signaling and overall survival make IGF1R signaling a possible
target for altering overall all-cause mortality.”” Already there are data
that blockade with sirolimus of a downstream effector of IGF1R sig-
naling, the mammalian target of rapamycin 1 (mTOR1), leads to an
overall survival advantage in comparison to control organisms.>® Fur-
thermore, deletion of S6 kinase (S6K1), a downstream effector of
IGFIR as well as adenosine monophosphate kinase (AMPK) is asso-
ciated with increased life span in mice compared to littermate con-
trols, further linking these signaling pathways with survival.’® As
further demonstration of the connection between IR and IGF1R sig-
naling, aged S6K1~'~ mice show less insulin resistance than their
littermate controls. While the deleterious effects of mTOR inhibitors
on lipid balance in humans may limit their use in the clinic, there will
likely be other means to decrease IGF1R signaling to attempt to in-
crease life span. Data regarding stimulation of AMPK through met-
formin (Fig 1), exercise, or other modulators may provide the
functional link between IGF1R signaling, AMPK, sirtuin levels, and
salutary physiological effects.***!

4988 © 2010 by American Society of Clinical Oncology

While there are large variations in IGF and IGFBP levels in the popu-
lation, there appear to be at least some links between IGF1 serum levels
and cancer risk. As an extreme version of such a study, 228 subjects with
defective signaling in the GH pathway were compared to 338 unaffected
relatives. The risk of cancer was 0% in the study population, and 9% to
24% in the control population.®” Other support for this hypothesis comes
from analysis of large prospective population studies. The Nurses’ and
Physicians’ Health Studies have demonstrated a reasonably consistent
relationship between higher IGF1 levels, lower IGFBP3 levels, and an
increased risk of prostate, breast, and colorectal cancer.%%°

However, other data contradict a relationship between levels of
IGF expression and cancer outcomes. Subjects with acromegaly ap-
pear to have a modest increase in cancer risk, in particular an approxi-
mately two-fold increased risk of colorectal cancer,”"* but it is less than
one might expect given the surfeit in signaling from excess GH.” Patients
with acromegaly have competing risks over time, such as diabetes and
cardiovascular disease, which may complicate such an analysis. Thus,
the relationship between IGFs and cancer risk remains unclear.

As with studies of serum IGF and IGFBP levels, it is important to
understand the frequency of a genetic polymorphism in a given pop-
ulation to assess its role in potential risk for a disorder. Thus, such data
are highly heterogeneous as well, borne out by the variety of epidemi-
ologic studies of cancer risk and genetic polymorphisms in IGF and
related signaling pathway members. While polymorphisms are under-
standably linked to levels of one component of the IGFIR signaling
pathway or another, it is not clear at present how many of these will be
germane in terms of cancer risk.”'”*

As with ERBB2/HER?2, IGF1R does not appear to be mutated in any
cancers, unlike other receptor tyrosine kinases, such as epidermal
growth factor receptor (EGFR) and KIT that are mutated and onco-
genic in specific cancers. It is therefore not possible to equate IGF1R or
its ligands as oncogenic per se. However, IGF signaling has other
features that are important for the survival of cancer cells, such as the
role of IGFIR in permitting anchorage-independent cell growth.”
The importance of IGF signaling to the development of cancer is
highlighted by its role in Simian virus (SV40) T-antigen—induced
carcinogenesis’® and in MYC-induced transformation of fibroblasts
and other cells.”””® While relatively low expression levels of MYC have
been shown to be oncogenic (or permissive for cell survival), greater
MYC overexpression itself is proapoptotic. Remarkably, specific
growth factors such as platelet-derived growth factor (PDGF) or IGF1,
but not others such as EGF or basic fibroblast growth factor, protect
cells from the apoptotic signal of increased MYC expression and per-
mit further cell growth.” As result, IGFIR signaling appears to be
necessary but not sufficient for cancer cell growth. By extension, that
MYC overexpression engages apoptotic and p53/ARF tumor suppres-
sive pathways implies a deep link between IGF1 signaling, proliferation,
and cancer cell survival, deeply intertwining energy metabolism, cell stress,
and cell proliferation.**®" The September 10, 2010, issue of Journal of
Clinical Oncology addresses in more detail the issues of host factors such as
energy balance and the risk of cancer and cancer progression.
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IGFIR signaling appears to be a key factor in the growth of carcino-
mas. First, carcinomas can demonstrate strong cell surface expression
of IGF1R.**®** IGFIR signaling is necessary for soft agar growth of
fibroblasts transfected with a plasmid expressing EGFR under a strong
promoter (SV40).% Signaling through IGF1R appears to be important
for survival of at least some forms of carcinoma. For example, IGFIR
overexpression appears to be characteristic of colorectal carcinomas
versus adenomas® and is associated with resistance to HER?2 inhibi-
tors in breast cancer.””* Other data indicate that EGFR family mem-
ber signaling through IGF1R (ie, crosstalk) is important in signaling in
carcinoma growth and survival.***?

Of perhaps greater relevance to cancer therapeutics, IGFIR ex-
pression appears to be activated in carcinomas that are resistant to
HER2 or EGER inhibitors.*”*> Heterodimers between IGFIR and
HER2/ERBB2 have already been identified as one mechanism of re-
sistance of breast cancer cell lines to trastuzumab.”* Akt signaling,
blocked in sensitive tumors with use of EGFR or HER?2 inhibitors, is
increased again in cell lines and tumors resistant to such inhibi-
tors.”>?> The reactivation of Akt signaling is abrogated with the
addition of an IGF1R inhibitor, with associated increased apoptosis of
the cell lines.” Sensitivity to EGFR or HER2 inhibitors may thus be
restored by the additional blockade of IGFIR (Fig 1), immediately
suggesting combinations of EGF family inhibitors with IGF1R inhib-
itors for patients with carcinomas. Decreased signaling through
IGF1R is also observed in a trastuzumab-resistant breast cancer cell
line treated with lapatinib (blocking EGFR and HER?2), indicating that
decreased IGFI1R signaling may be a useful readout for the efficacy of
EGFR family members.”

Conversely, resistance to IGF1R inhibitors can be mediated by
signaling through EGFR family members (Fig 1). In a panel of
ovarian cancer cell lines, EGFR/HER1 or ERBB2/HER2 can medi-
ate resistance to an IGFIR inhibitor.”” Notably, greater inhibition

of signaling is achieved with combinations of pan-HER and IGFIR
inhibitors in this cell line than with either compound separately,
again suggesting combinations of receptor tyrosine kinase—specific
agents that could be useful broadly in the clinic.”” The finding of
the interaction of IGF1R and EGFR family members may have
broader applicability to solid tumors given the known dependence
of a subset of astrocytomas to EGFR signaling in some, but not all
studies,”®” and the finding of the utility of combinations of IGF1R
and EGFR inhibitors in a glioma cell line.'® Preclinical data also
support the use of a combination of IGFIR inhibitors and cyto-
toxic chemotherapy in the treatment of carcinomas.'®"'* Data
regarding recent clinical trials is given below after discussing the
importance of IGF1R signaling in sarcomas.

Since IGF1R signaling is important in the development of connective
tissues and growth of carcinomas, it is not surprising that IGFIR
signaling is important in the development of sarcomas. There has been
long-term interest from several laboratories in IGF1R signaling and its
role in sarcomagenesis, an interest that is now maturing with the
availability of antibodies and small molecules targeting IGF1R. While
IGF1 levels may have at least a weak association with cancer risk, as
noted above, there are not direct data regarding IGF1 levels and
sarcoma risk.

As with carcinomas, while there have been no mutations seen in
IGF1R in sarcomas, the biology of some of the most common pediat-
ric sarcomas involves obligate signaling through IGFIR to maintain
the neoplastic phenotype. For example, in alveolar rhabdomyosar-
coma, a sarcoma that contains a characteristic chromosomal translo-
cation t(1;13) or t(2;13), the PAX3/7-FOXOAL fusion protein activates
IGFI1R promoter, and increases expression of IGF1R.'*® The degree of
signaling Akt activation, which appears to be at least in part a function

SFT/HPC (20)

MPNST (76)

Gastrointestinal stromal tumor (449)
Synovial sarcoma (80)
Well-differentiated liposarcoma (10)
Myxoid/round cell liposarcoma (33)
Conventional chondrosarcoma (51)
HGUPS/MFH (65)

Ewing sarcoma (14)

PVNS/TGCT (34)
Dermatofibrosarcoma protuberans (17)
Leiomyosarcoma (59)

Desmoid tumor/deep fibromatosis (23) ||
Osteosarcoma (12) ||

Fig 2. Relative expression of insulin
growth factor 2 (IGF2) protein by immuno-
histochemistry in different sarcoma sub-
types.'?° The number of samples examined
for each subtype is indicated in parenthe-
ses. SFT, solitary fibrous tumor; HPC,
hemangiopericytoma; MPNST, malignant
peripheral-nerve sheath tumor; HGUPS,
high-grade undifferentiated pleomorphic
sarcoma; MFH, malignant fibrous histiocy-
toma; PVNS, pigmented villonodular synovi-
tis; TGCT, tenosynovial giant cell tumor.
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of increased IGF1R signaling, correlates with poor survival in stage III
patients in the study IRS-IV.'%* Patients with stage ITI rhabdomyosar-
coma have an approximately 50% survival rate. By separating patients
into those with high or low levels of Akt phosphorylation (ie, higher or
lower tonic IGFIR signaling), it is possible to identify those patients
who will fare poorly or well, respectively, and adjusting adjuvant
treatment accordingly.'®

Other data highlight the importance of IGF1R as a potential
therapeutic modality in alveolar rhabdomyosarcoma. Treatment
of cell lines with mTORI inhibitor rapamycin leads to paradoxical
phosphorylation in Akt at serine 473, activation that can be
blocked by inhibition of IGFIR (Fig 1);'°> similar findings have
been observed in a variety of epithelial cancer cell lines;'°® anti-
IGF1R monoclonal antibodies are active against human rhabdo-
myosarcoma cell line xenografts.'” These data suggest that a

combination of an mTOR inhibitor and an IGF1R inhibitor may
be an effective means of treating rhabdomyosarcoma and poten-
tially other cancers.'”’

Data are compelling with another translocation-associated
pediatric sarcoma. Ewing sarcoma typically contains t(11;22)
EWSRI-FLII or related translocations/gene fusions. IGF1R ap-
pears to be important to sarcomagenesis from the EWSRI-FLI1
fusion gene, since Ewing sarcoma cell lines only survive when
IGFIR signaling is intact.'*® As with the utility of IGF1R inhibitors
with chemotherapy in non—small-cell lung cancer (NSCLC) below,
small molecule inhibitors of IGFIR synergize with chemotherapy
or kinase directed therapy in Ewing sarcoma cell lines.'®® Most
compelling are clinical responses to IGFIR inhibitors, discussed
below. Osteogenic sarcoma''®"''* and desmoplastic small round
cell tumor'"? may also be sensitive to IGFIR blockade. These (and

Table 2. Phase | to Il Clinical Trials of IGF1R Inhibitory Monoclonal Antibodies, Toxicity, and Outcomes

Agent Type of Clinical Trial No. of Subjects

Dose and Schedule

Observed Toxicity, Most

Common AEs Outcome

Single-agent studies

Variable dose |V once;
every 28 days
dosing permitted

Variable dose IV every
21 days

20 mg/kg every
21 days

20 mg/kg every
21 days

Variable dose (20 mg/
kg IV maximum)
every 14 days

Paclitaxel 200 mg/m?,

Asthenia; anemia (15%);
increased ALT/AST;
hyperglycemia (11%; all
grade 1 to 2, in
combination with
dexamethasone)

Hyperglycemia; elevated
GGT, ALT/AST; nausea;
fatigue (all grade 1 to 2
except one grade 3
fatigue)

1 grade 4 GGT elevation;
grade 3 elevations in
GGT, glucose, alk phos,
ALT/AST

One grade 4 uric acid
elevation; 1 grade 3 DVT

Two PR in patients
progressing on
dexamethasone

MTD not reached; maximum
feasible dose 20 mg/kg/
dose; 10/15 with stable
disease as best outcome;
no RECIST responses

8/14 with SD

1 CR, 1 PR Ewing sarcoma,
8/29 with SD more than 4
months

1 CR Ewing sarcoma; 1
unconfirmed PR Ewing
sarcoma; 1 PR
neuroendocrine tumor

Fatigue, thrombocytopenia,
fever, rash, chills,
anorexia (all grade 1 to
2); one DLT
thrombocytopenia G3;
eight episodes
thrombocytopenia grade
3, one elevated ALT/AST
grade 3 seen in
expansion phase

SAEs: fatigue, diarrhea, MTD not identified; 13 PR, 2

Randomized phase I

Figitumumab Phase I/multiple myeloma 47
(CP-751, 871) (11 dose levels), with
dexamethasone or
sirolimus permitted
after first dosing if
no PR
Phase I/solid tumors (four 24
dose levels)
Phase | cohort expansion: 14
adrenocortical cancer
Phase | cohort expansion: 29 (16 Ewing
sarcomas sarcomas)
AMG479 Phase | B5E
Combination studies
Figitumumab, Phase | 42
carboplatin,
paclitaxel

156 (2:1 randomization

in favor of three-
drug combination)

carboplatin (AUC 6),
figitumumab (0.05
to 20 mg/kg) every
3 weeks

Paclitaxel 200 mg/m?,
carboplatin (AUC
6), = figitumumab
(20 mg/kg) every 3
weeks; after 6

hyperglycemia, GGT
elevation, and
thrombocytopenia (1
patient each)

CR (NSCLC, ovarian
carcinoma)

54% (three drugs) versus

42% (two drugs) RECIST
RR; 14/18 randomly
assigned patients with
squamous cell cancer

cycles, could
continue
figitumumab

receiving three drugs had
PR; HR for PFS for three
drug combination versus 2
drug combination 0.56 to
0.8

HR, hazard ratio; PFS, progression-free survival.

Abbreviations: IGF1R, insulin-like growth factor receptor 1; AE, adverse event; PR, partial response; IV, intravenous; GGT, gamma glutamyl! transpeptidase; MTD,
minimal residual disease; RECIST, Response Evaluation Criteria for Solid Tumors; alk phos, alkaline phosphatase; SD, stable disease; DLT, dose-limiting toxicities;
DVT, deep vein thrombosis; CR, complete response; AUC, area under the curve; SAE, serious adverse event; NSCLC, non-small-cell lung cancer; RR, response rate;
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clinical data on SFT/HPC below) are the first bone fide demonstra-
tions of clinical responses to IGF1R-directed monotherapy, giving
hope that combinations with other targeted agents or cytotoxic
chemotherapy will be even more effective.

Pediatric sarcomas only represent approximately 15% of sarcomas,
leaving the other more than 50 sarcoma subtypes largely unexplored
with respect to IGFIR signaling. Expression arrays and Western blots
have identified adult sarcomas subtypes that have the greatest relative
amount of IGFs at the mRNA or protein level.'*'2° For example, as a
surrogate for IGF1R signaling, those sarcomas with highest IGF2 ex-
pression by immunohistochemistry include SFT/HPC, malignant
peripheral-nerve sheath tumor, GIST, and synovial sarcoma (Fig
2)."?° Although consistent expression would not foreordain a good
response to agents that block the target, subtypes can be eliminated for
testing that lack expression of the target of interest, understanding that
our screening tests may be insensitive for assessing expression of a
relevant protein.'?!

Data from cell lines for many forms of sarcoma are lacking,
except for GIST. The approximately 7% of GIST without KIT or
PDGFRA mutations express IGFIR in excess of that seen in KIT or
PDGFRA mutant GIST,"*>'** and cell death is observed after applica-
tion of IGFIR inhibitors to these cell lines."”” The finding of IGFIR
expression in GIST without KIT or PDGFR mutations (often found in
GISTs in patients younger than 25 years, so-called pediatric GISTs)
hasled to the suggestion to develop IGF1R inhibitors for patients with
KIT/PDGFRA GIST without mutations. Whether combinations of
IGF1R with KIT inhibitors could lead to clinical responses in KIT or
PDGFRA mutant GIST patients with disease progressing on imatinib
and sunitinib awaits future study as well.

Over the past year, clinical studies of IGFIR inhibitors have been
published to get a sense of the role of IGF1R inhibitors (monoclonal
antibodies) in clinical practice. In phase I studies these antibodies have
been well-tolerated as single agents (Table 2).'**'%° Toxicity has been
generally National Cancer Institute grade 1 to 2, and includes eleva-
tions of liver function tests, asthenia, nausea, thrombocytopenia, and
arthralgias. Modest single activity has been observed in Ewing sarcoma
to date, with two objective responses of 16 patients in an expansion
cohort for a phase I study (12% response rate). Anecdotes of patients
with HPC/SFT are a potential exciting proof of principle of the utility
of IGFIR blockade,'*”'*® given the consistent overexpression of IGF2
in HPC/SFT"** and the hypoglycemia of malignancy observed in some
people with this tumor, as noted above.

In combination studies, figitumumab appeared promising
with carboplatin and paclitaxel in phase I trial (mostly patients
with NSCLC) and a randomized phase II study (NSCLC). How-
ever, a phase III study of carboplatin, paclitaxel, with or without
figitumumab in first-line for metastatic NSCLC was stopped on
December 29, 2009, owing to a recommendation from the data
safety monitoring board that the study was unlikely to meet the
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primary end point of improving overall survival.'*° The finding of
only modest activity in Ewing sarcoma and lack of survival advan-
tage in NSCLC in combination with cytotoxic agents has led to a
rapid deceleration of clinical development of IGF1R antagonists.
Given the data regarding resistance patterns to EGFR and HER2
inhibitors, it may well be that only in combination will better
clinical results be obtained, except in very select situations. The
finding of specific molecular cohorts of NSCLC that responded to
figitumumab-based therapy lends hope that, as with crizotinib in
anaplastic lymphoma receptor tyrosine kinase + NSCLC,"*" ap-
propriate patients for IGF1R therapy may be identified by prospec-
tive screening.'>

The recent clinical findings are a clarion call for a better integrated
understanding of IGF1R, mTOR, and ras-raf signaling, which should
lead to new generations of clinical trials in cancer with agents that
modulate this pathway (Table 3). A striking example of the integration
of dietary intake, metabolism, and cancer growth is made plain with
the demonstration of the sensitivity and resistance to dietary restric-
tion of growth of different human carcinoma xenografts in mice.'*
One mechanism of resistance to dietary restriction of tumor growth
appearsto be theloss of PTEN expression, directly implicating Akt and

Table 3. Questions to Be Addressed Regarding IGF1R in Cancer
Therapeutics and Prevention

Cellular level

Which partners cross-talk with IGF1R at the cell membrane and inside
the cell?

Does resistance develop to IGF1R via EGFR family or other structurally
related molecules?

How do IGFBPs interact with IGF1R to amplify or dampen IGF1R
signaling?

How do IGFBPs signal independently of IGF1R?

Do proteolytic fragments of IGFBPs have signaling activity?

Can the expression of IGF2R affect IGF2 levels to a significant degree to
affect changes in IGF1R signaling?

Which form of Akt is most relevant for IGF1R signaling in a given cell?
Patient level
What is the role of IGF1R in angiogenesis?

Are IGF1R inhibitors safe and effective in combinations with other
targeted agents or cytotoxic chemotherapy?

Will horizontal (multiple kinases) or vertical (several steps) be more
important in combining targeted agents?

If effective, what is the best sequence of IGF1R inhibitor and cytotoxic
chemotherapy?

Population level

Are IGF or IGFBP levels associated with cancer risk independent of
other factors?

Will SNP analysis of IGF signaling pathway genes yield insight into
cancer risk?

Can slowing IGF1R signaling decrease cancer risk?
Will decreasing IGF1R signaling increase lifespan?

Is the hyperlipidemia observed with mTOR inhibitors separable from its
other potentially useful metabolic effects?

Abbreviations: IGF1R, insulin-like growth factor receptor 1; EGFR, epidermal
growth factor receptor; IGF, insulin-like growth factor; IGFBPs, insulin-like
growth factor binding proteins; SNP, single nucleotide polymorphism.
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mTOR in this process. Additional hope of the use of IGF1R inhibitors
in cancer therapy is highlighted with the demonstration of the reversal
of a form of EGFR inhibitor tolerance by an IGFIR inhibitor (or a
histone deacetylase inhibitor).'**

At every step of IGF1R signaling we are learning of increasing
complexity of signaling pathways, for example the role of IGFIR
signaling in coordinated signaling with estrogen receptor,®®'>> Fas/Fas
ligand,"*° or p53,*”'*® some of which appear to be mediated by
IGFBPs. Equally interesting and perhaps of greater societal relevance
will be studies that link mTOR inhibition, downstream effectors of
AMPK, IGFIR, p53, and sirtuins to endurance and life span.

It is difficult to overestimate the potential effects of understand-
ing the relationship between metabolism, life span, and cancer will
have on generations to come. A recent publication indicated that we
need to prepare for a human life span of longer than 100 years for
children born after 2000 in economically developed societies."** An
economics treatise from a generation ago, “Small is Beautiful: Eco-
nomics as if People Mattered ” by E.F. Schumacher,'*° foretold of the
strain on the planet of an exponential increase in demand for natural
resources on global economic development, and, converse to the idea
of “bigger is better,” called for sustainable development on alocal level.

Cancer cells have already solved the complex equation balancing
the unbridled need for metabolic resources with survival of the tu-
mor,"*! perhaps best illustrated by the Gompertzian kinetics of tumor
growth.'*>!*? Both in a literal sense (increased survival of smaller IGF
knockout mice v littermates) and a figurative sense (the association of
decreased tonic IGF1R signaling with lower cancer risk and increased

life span), the lessons of “Small is Beautiful” appear to have credence in
the energy balance of both the cancer cell and host. It is increasingly
certain that we can modify IGF1R signaling in a normal host and affect
life span and glucose tolerance. As of 2010, the effects of IGFIR
inhibitors do not appear to be like insulin for diabetes, like platinum
compounds for germ cell tumors, nor like imatinib for chronic
myelogenous leukemia or GIST for the vast majority of patients
with cancer. Nonetheless, further dissecting IGF1R signaling in
both the cancer and in the host should allow for the development of
new antineoplastic strategies that cut across different histologic
tumor classifications.
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